This paper is devoted to the application of ultrasonic wave propagation phenomena for the diagnostics of prestressed, concrete, bridge T-beams. A multi-point damage detection system is studied with use of numerically obtained data. The system is designed to detect the presence of the material discontinuities as well as their location.
I NTRODUCTION
Use of precast concrete elements is common for the building industry in the most developed countries since it can optimize the consumption of energy, lower usage of materials and reduce building expenses [1] and it can be benefi cial also for bridges [2] . The production of large prefabricated elements takes place in factory, and therefore high quality products can be manufactured. These products with high durability, requirements on aesthetics and performance need special quality control procedures. This paper is devoted to study of proposed damage detection system for precast, prestressed, concrete, T-shaped bridge beams ( Figure 1 ). The superstructure of the bridge consists of set of T-shaped beams arranged in parallel with spacing of 0.90 m. Such superstructures are designed for the moving load class A by PN-85/S-10030 and load by a vehicle of special class 150 according to STANAG standard.
In order to increase the use of prefabrication in civil infrastructure it is necessary to ensure the highest quality of the product by providing possibly simple quality control methods on each stage of construction process, i.e., during the production in the factory, storage and in some special cases also during transportation and even after mounting them on bridgeheads. 
THE QUALITY CONTROL, DELIVERY, STORAGE
The production process of precast elements consists of the following technological steps: preparation of forms, reinforcement, shaping, maturity and stripping. According to the regulations control of precast, prestressed, concrete, beams should be carried out at the factory. It involves the control of the type and grade of materials used to produce beams on the basis of the documentation (certifi cates, protocols, etc.) for compatibility with the relevant standards and design documentation. The control at the construction site should include: assessment of the overall appearance of the material and the check of values of geometrical dimensions with comparison to the requirements described in the appropriate standards. The surface of prefabricated elements should be smooth and inequalities and defects should not exceed the prescribed rates of deviation. The cracks and fl aws on the surface of prestressed concrete elements are not permitted. Unacceptable are also cracks inside the material of the element. Various types of voids in precast elements are permissible within the limits given in PN-91/S-10042 and PN-S-10040: 1999 for reinforced concrete elements.
Delivery of precast elements should be planned according to the general erection sequence to minimize unnecessary site storage and handling. Transport of precast elements requires actions following strictly defi ned procedures. The elements can be transported after the concrete has reached at least 80% of the designed strength. As these elements have not gained their full designed strength, they are generally more susceptible to damages during handling. Impact and shock which can cause mechanical damage to the edges during handling elements, their transport, assembly and re-setting are unacceptable. Appropriate stacking method should be used to store the precast concrete elements (Figure 2 ) to prevent any undue stresses and damages.
A common cause of damage of prestressed T-beams is due to incorrect transport, storage or improper installation procedure (Figure 2 ). The resulting damage do not comply with the above mentioned requirements. 
ULTRASONIC DIAGNOSTICS
The nondestructive acoustic techniques used to test concrete structures are divided into: ultrasonic, impact echo and impulse response methods [3] , [4] . The ultrasonic methods consists of pulse transmission (passage technique), pulse echo (refl ection), time-offl ight diffraction. All these methods allow quick assessment of the quality of concrete without interfering with the structure of the tested material.
In the simplest form, the ultrasonic diagnostics is based on wave generated at one location in a form of an impulse and recorded in some other location by piezoelectric transducer [5] . The information stored in the recorded acceleration signal contains data on wave refl ection from the material discontinuities. Knowledge on wave velocity in concrete together with analysis of acceleration records allows to detect the presence of the damage and estimate its location (e.g., [3] , [6] ).
An ultrasonic wave that undergoes refl ection from both the discontinuities and geometric boundary condition of the beam becomes very complicated as it travels through the tested element. Ultrasonic diagnostics can be supported by application of wave packets generated by piezoelectric transducers instead of waves crated from impulse loading. This method combines passage method based on the effect of transferring the wave by a discontinuity with the method TOFD (time of fl ight diffraction) which uses phenomenon of diffraction and scattering wave defl ection. In addition advanced signal processing in time and frequency domain might be employed to improve information extraction from the recorded signals [7] .
The relation between the longitudinal wave speed (P-wave) c p and time of fl ight t h is as follows:
where h stands for waveform path, i.e. element thickness, h, or defect depth, d [3] . The principle of the passage technique is presented in Figure 3 . The time-of-fl ight-diffraction (TOFD) ultrasonic detection method has been widely used in defect detection and sizing performance in engineering structures [10] , [11] . The TOFD technique is based on diffraction of ultrasonic energy from tips of discontinuities, instead of geometrical refl ection on the interface of the discontinuities. The diffracted component can therefore be received by suitably positioned ultrasonic transducers. A buried crack in a specimen is located between a transmitter and a receiver [10] . It has higher accuracy for measuring the through-wall size of crack-like defects, and can be obtained in a wide range of material thickness [9] . The method is gaining popularity because of its high probability of detection, low false call rate and most importantly, its intrinsic accuracy in fl aw sizing, especially in depth.
TOFD should be combined with the Pulse Echo technique, to get full coverage. Pulse-echo has high defect detection rates for surface-breaking and near surface defects, but is poor on interior defect detection. These two methods are complementary [9] .
AIM AND SCOPE
The paper describes the development of multipoint ultrasonic diagnostics system used for assessment of technical condition of T-shaped bridge beams. The system should be easy to mount on the beam, both in the factory as well as at the construction site and the screen must provide quick information if the beam is damaged or not. The device should be a reliable tool for the beam quality control just after production process, during assembly and even after the assembly into bridge superstructure.
The scope of this work includes the description of device, development of the damage detection algorithms and virtual tests of the algorithms on the numerical data. The tests have been conducted on the several possible damage scenarios selected with use of the advices of the engineers and the experience gained form the in situ tests of T-shaped beam [8] . It is intended that the proposed device can detect presence of cracks and their approximate locations.
DIAGNOSTIC DEVICE AND PROCEDURES FOR MULTIPOINT DETECTION SYSTEM

DEVICE
The device uses nine transducers located on the beam web sides and beam bottom (Figure 4) . The most sensitive place for cracks development in the T-shaped beam is the bottom side of the element due to the possible inaccuracies during prestressing process and concrete curing. In addition the bottom part of the beam is subjected to tension forces during the transportation and assembly. The piezoelectric transducers are mounted to the concrete surface by coupling agents and if necessary they are pressed to the beam by additional external frame. The coupling between transducers and the beam is a very important issue but is not within the scope of this paper. Each sensor is wired and connected to the data acquisition hardware. The measuring signal are conditioned, digitalized and recorded on a portable computer unit. The damage detection algorithm is applied and the information on the element condition is issued on the screen. The details on transducers location are shown in Figure 5 . The location of all cracks taken into account is shown in Figure 5 . According to the gained experience the cracks can developed in the vicinity of two bottom rows of the prestressing cables. Therefore, it is assumed that in the worst case 2 horizontal and 4 vertical cracks can develop.
THE ALGORITHM OF THE METHOD
For the selected confi guration of the multipoint diagnostic system a damage detection algorithm has been developed. The device generates the wave packet by the fi rst transducer producing the wave travelling through the element. The wave is recorded by all nine transducers. Then, the second transducer generates the wave packet and again all nine transducers record the signals. The wave excitation is conducted for all nine transducers. The measurements are completed when all 162 (9 excitations in 9 transducers in 2 directions) signals are recorded. Figure 6 shows the block diagram of the proposed algorithm. The decision if the beam is damaged or not is drawn with use of indices p i computed form the collected data. The algorithm uses 6 indices derived to detect the crack and its location. where i stands for number of the point where wave has been generated and j is a number of the point where the wave has been recorded ( Figure 5 ). The algorithm of the method is presented in Figure 6 . The time of fl ight ratio (2.4) is used to check whether the time of fl ight of a tested beam is different form the time of fl ight of the undamaged beam. If the parameter T ij is larger than 1+ the value of S ij is set to 1 and if T ij < (1+) S ij is equal to 0. The permissible error is denoted by ε and it is selected individually for the specifi c concrete element and used hardware.
The number of cracks is determined by dividing the global index p 1 by the reference value determined for the specifi c type of damage. 
SIMULATIONS OF WAVE PROPAGATION IN A T-SHAPED BEAM
Verifi cation of the damage detection algorithm was performed on numerical data. The simulations have been carried out in ABAQUS/Explicit. The geometry of the prestressed T-beam is shown in Fig. 1 . The beam is made of concrete with Young's modulus E = 37.5 GPa, Poisson's ratio v = 0.2, density ρ = 2500 kg/m 3 . The prestressed steel reinforcement has the following properties: E = 180 GPa, v = 0.3, ρ = 7500 kg/m 3 . It is assumed that there is no damping.
To numerically describe the wave propagation phenomena CPE3 fi nite element was applied, where the letter "C" indicates continuum element, "PE" -a plane strain element, and "3" denotes a 3-node element with full integration. CPE3 element is characterized by linear shape functions. The mesh of the T-beam is shown in Figure 7 . The numerical simulations of wave propagation require a special attention to the problem of a suffi ciently refi ned mesh to ensure the correctness of the calculations. The mesh size depends on the wave length and due to application of ultrasonic waves of short lengths, the use of very fi ne mesh is necessary. In the performed calculations the size of applied element was 1,5 mm [8] .
In order to obtain data for several damage scenarios for validation of damage algorithm several FEM models have been developed: model of the undamaged beam, models for the beam with all possible combinations of horizontal cracks (H1, H2), models for the beam with all possible combinations of and vertical cracks (V1, V2, V3, V4) as well as models for all possible combinations of horizontal and vertical cracks. In all case the length of the crack is 40 mm. The values of the wave arrival times at the transducers are also shown in these fi gures. The wave front is defi ned by the maximum acceleration of the wave fi rst incoming peak, a h , and it is used to determine the values of time of fl ight. It was assumed that reference acceleration must be larger than the selected threshold set individually for the tested beam and used hardware. In this case the threshold was set to 0.05 m/s 2 , and thus, |a h | ≥ 0,05 m/s 2 . All peaks in the signal that are below the threshold value considered as noise. The complete results for the damage case H1 together with undamaged data (UD) are given in Table 1 . The columns summarizes all the values of a h and t h for loading at the point i є (1, 9) and recording points j є (1, 9), respectively, in the x direction as well as in the y direction. The column denoted by T ij gives the values of the time ratios. The permissible error  is set to 0.10. The last column provides information on the parameters S ij .
The indices p i , for the case of crack H1, achieve the following values: p 1 =14, p 2 =4, p 3 =0, and according to the proposed algorithm the diagnostic system shows that there is one horizontal crack since p 4 =1.
The location of crack can be determined from the time ratio T ij where the subscripts i and j defi ne region were the crack exists. In this case the largest value of the time ratio is T 21 =2.65 (y direction) and it corresponds to the location between points 2 and 1 ( Figure 9 ) for y acceleration direction. 
ONE HORIZONATAL AND TWO VERTICAL CRACKS
The same procedures, as described in the previous section, were conducted for the damage scenario with one horizontal crack (H1) and two vertical cracks (V1 and V2) showed in Figure 13 . This crack pattern is denoted by the symbol H1_V1_V2. The example of the x direction acceleration signals of the damaged and undamaged beam for the wave generated at point 2 and recorded at point 5 are shown in Figure 14 . The y direction acceleration signals for the wave generated at point 5 and recorded at point 1 are shown in Figure 15 . In this case the complicated refl ection and refraction phenomena have more infl uence on the acceleration signals than in case of the simple crack pattern with only one horizontal crack. Nevertheless, the time of fl ight for each signal can be determined and corresponding time of fl ight ratios can be calculated. The largest values of the time of fl ight ratio are: T 21 = 2.66 (y direction), T 25 = 2.64 (x direction), T 35 = 2.12 (x direction). They correctly indicate that the damage region is located between points 1 and 2 as well as 2 and 5 ( Figure 13 ). The selected data of peak accelerations of the wave front, time of fl ights, time ratios and parameters S ij are given in Table 2 .
SUMMARY FOR ALL CONSIDERED DAMAGE SCENARIOS
The tests of all considered damage scenarios have been conducted. Some of the results are summarized in Table 3 . Three cases of the crack patterns are shown, i.e., one horizontal crack, two cases of vertical cracks and three crack patters for combination of horizontal and vertical cracks. The table shows Table 3 . Note that the verifi cations of the proposed damage algorithms showed that the system correctly detects the number of the cracks for each considered damage scenarios.
To improve the automation of the search for the location of the crack a parameter L i has been introduced. It is calculated as an average value of two neighboring expressions ∑S ij . The term "neighboring" means that subscripts i, in both neighboring expressions, have a difference equal to 1. The largest values of L i are colored in grey and they indicate the possible location of the damage. Table 3 Indices and parameters of damage detection algorithms for selected damage patterns 
CONCLUSIONS
This paper discuses a development of a device for damage detection of the prefabricated concrete T-beam used in bridge structures. The aim of the study is to develop simple to install and reliable device for a beam quality control on each stage of the element live cycle.
The multipoint ultrasonic diagnostic system consists of nine transducers located on the beam's web sides and bottom. The system automatically recognizes whether the beam is damaged and where the cracks are located. The damage detection algorithm is based on ratios between the time of fl ight in damaged and undamaged beam and set of proposed indices and parameters that lead to computation of number of cracks and their location.
Verifi cation of damage detection algorithm has been performed for different crack patterns consisting of all possible combination of two horizontal and four vertical cracks located in the bottom part of the beam. The parametric numerical simulations with the use of a wave packets excitation proved that the acceleration signals are expedient and delivers necessary information to determine the presence of damage. The fi nal results proved that proposed diagnostic method can be successfully applied for assessment the technical condition of the prefabricated T-beams.
The presented study is a fi rst stage of development of ultrasonic device dedicated to prefabricated, prestressed concrete T-beams. The numerical "experiments" showed that the device is capable of correct detection of number of crack and can indicate crack's location. However, the study on the numerically obtained signals cannot imitate all complex details of ultrasonic waves propagation in concrete elements. The next stage i.e., the experimental tests on a real concrete element, will provide the most valuable knowledge on applicability and accuracy of the proposed device.
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